The measurement of cigarette coal temperature is a difficult task. The coal has a very porous structure, made up of inhomogeneous solids of non uniform sizes; as a consequ~nce, the spatial temperature distribution in the coal is irregular and wide. Because of the very short puff duration and high gas velocity, the temporal temperature distribution is very steep. The thermal conductivity of the tobacco shred is low and the quantity of heat given off by it during burning is very small. In order to obtain peak temperatures, it is necessary to apply a method with a very tine spatial resolution, fast response time, using a sensor of very small heat capacity and very low thermal conductivity. The sensor should be located at the point of maximum temperature during the puff. All early investigators used thermocouples for cigarette coal temperature measurements, a method that falls far short of the above requirements (1). There is no way to anticipate the location of the coal on the rod during forthcoming puffs and it is impossible to know in advance which tobacco shred will reach peak temperature during a puff. Thus, the location of the thermocouple bead may not be at the point of peak temperature. the thermal conductivity of the thermocouple wire is orders of magnitude greater than that of the burning tobacco: even if the bead is in physical contact with a shred of tobacco, the contact applies only to a small fraction of the bead surface, thus heat transfer is poor. The heat generated by a small tobacco shred may not be suftlcient to heat the bead to equilibrium temperature because of the high heat capacity and thermal conductivity of the metal; for the same reasons, the thermocouple represents a topical heat sink. All of these errors result in readings lower than the true peak temperature of the coal. In addition, the installation of thermocouples into the cigarette is not only a very slow and delicate procedure, but may alter the burning characteristics and thus the coal temperature.
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T ouey and l\1umpower observed the effect of the thermocouple wire gauge on peak temperature readings (1) . They found that the reduction from 0.1 to 0.025 mm in diameter resulted in an increase of 127° C in the observed peak temperature (884° C). The correlation, they found, between thermocouple wire diameter and Egerton, Gugan and v\Teinberg (6) . In the first, the x-ray method, they incorporated into the cigarette minute particles of metal alloys with melting points from 49·7° to 900° C. The particles were made into platelets 0.025 cm 2 large and 10-3 cm thick and scattered over the surface of two halves of a cigarette split lengthwise. After the two halves were rejoined, the cigarette was smoked between an x-ray source and a precision cine camera, thus recording the fusion of the platelets into small spheres. By repeating these experiments with platelets of different melting points, a temperature profile of the coal was obtained. The peak temperature was 900c C, found at the periphery of the coal, at the base of the ash cone. The second method was based on optical pyrometry. It was assumed that the radiation emanating from the coal approximates that of a blackbody. For measurements, a cine camera was used to photograph the coal together with the filament of a calibrated standard lamp. After developing the film, the intensity of the coal image was compared to that of the standard filament by the use of a micro-photodensitometer. The maximum value There is no sensor in the cigarette; therefore, the errors due to the difference in thermal conductivity and heat capacity do not arise. The response is very fast; the spatial resolution can be very fine and it depends only on the design of the infrared optics. When a scanning device is used, precise aiming is not required. Since the coal is observed continuously, there is no need to estimate the location of the puff on the rod: it will not be missed. Further, the cigarettes are used as manufactured; therefore, their structure, thus their burning characteristics are not disturbed by the insertion of sensors. The infrared method, however, is applicable only to the measurement of surface temperatures. Due to the dynamics of the smoking mechanism, the highe~t temperature during the puff occurs on the periphery of the incandescent coal. The carbonaceous materials of the coal have an emittance close to one in the 2-6 ~l wavelength range. In addition, the porous structure of the coal is a good approximation of a blackbody radiator. Therefore, from a measured infrared radiation intensity, the coal peak temperature is easily calculated. Any deviation from true blackbody conditions would yield temperatures obtained by this technique that are conservative on the low side. Infrared pyrometers, suitable for cigarette coal temperature measurements, are available in a large variety of makes a!ld models; but most types require continuous manual aiming as the smoking progresses. There are available, however, several instruments that scan optically an area sufficiently large to enclose an entire cigarette. For the present investigations, the AGA Thermovision system that consists of a scanning camera and a visual display unit was selected. The camera is sensitive to electromagnetic radiation only in the infrared spectrum. The detector is indium antimonide, which responds to wavelengths between 2.0 and 5 ·4 microns and is operated in the photovoltaic mode. This detector is exposed to only a small area of the field of view at any instant, but the optical system of the camera moves this area of exposure across and down the field of view to cover the entire field .. There are 100 horizontal scans, or lines, in each vertical scan, or frame. For the Model 669 Thermovision, this field of view is approximately 5 cm X 5 cm and is scanned 16 times per second. The horizontal scanning is accomplished by means of a rotating prism, while the slower vertical scanning is produced by a mirror which oscillates about its horizontal axis. An attenuating mirror gives a temperature range of 300° to 12oo 0 C. The result of this scanning of the field is a video signal whose amplitude varies with the radiant energy in the field. The video signal is used to modulate the brightness of a similarly scanning trace on a cathode-ray tube screen. This produces an image on the screen similar to the picture on a television receiver. The image, however, is a result of infrared, rather than visible, radiation viewed by the camera. Figure 1 shows an image produced by a burning cigarette. The white line is an adjustable isothermal, or constant temperature, line which can be used to map the target. The video signal itself, rather than the visual signal on the display screen, was examined to give the best indication of the incident radiation. The video signal was taken just after the preamplifier stage. Therefore, no blanking pulses, gray scales or isotherm signals were present. This signal was observed on a high-frequency oscilloscope. The voltage level could be used to indicate the temperature of the target, in this case a cigarette; first, however, the smallest target that would give an accurate temperature indication had to be determined. A Barnes Model No. II2oo T blackbody source was used for calibration as a test target. Its aperture was covered by a mask with a slot of known width cut into it. The detector output waveforms were observed and photographed for slots of 5, 4, 3, 2 and I mm, with the blackbody at 900° C. These waveforms are reproduced in Figure 2 . The multiple traces are positioned as if the various target slots were aligned on their left-hand edges. The camera sweep and oscilloscope trace are both left to right. For the 5 mm slot, the voltage increased almost linearly to a peak level that was constant for a time and then declined to the baseline. The 4 mm waveform shows the same general shape with the flat, or ,peak, portion shortened. The peak voltage, however, is the same. Likewise, the 3 mm waveform has the same peak voltage and the same rise and fall curves; but the At 2 mm, a change in the shape of the waveform occurs. The peak is no longer flat, but the voltage falls off as soon as the peak is reached. The peak, however, is still 6.8 v, the same as for the wider slots. Therefore, the voltage peak is still indicative of temperature for a target as small as 2 mm at 900° C. The waveform for I mm, however, reaches only a lower peak. It rises at about the same rate as the other waveforms, but reaches only 4.2 v, or 62 °/o of the peak level for a wider slot. Thus, the system will not indicate temperatures accurately for targets as small as I mm if it is calibrated for a larger target. The temperature of the blackbody was then changed and the experiment repeated to observe the effect of target temperature on the waveforms. The results are shown in Figure 3· It was found that between 6oo° C and Iooo° C, the range of interest, the rise and fall times remained essentially constant, as did the width of the flat peak. The voltage level at the peak was the only parameter that varied significantly with temperature.
From the above experiments, it was concluded that the finite rise and fall times of the detector output are due to two factors, one being the inherent delay in the detector itself due to its physical properties. The second cause is the finite instantaneous field of the detector due to the optics of the system. The detector "sees" not an infinitesimal point in the frame, but a finite area (about 1 /4 mm2) at any instant. The detector, then, responds to the radiant energy from this entire area and produces a signal that is proportional to the average flux density over this area. As the detector field of view passes across the edge of the target, in this case the edge of the slot in the mask, the total flux incident on the detector increases at a finite rate even .though the flux density at a point increases abruptly as shown in Figure 4· The peak of the total flux is reached only when the entire instantaneous field of view covers the target. The same thing occurs at the trailing edge of the target, causing a finite decrease in the total flux and, therefore, the detector output. These two factors, detector rise time and instantaneous field of view, combine in some form to cause the skewed waveforms shown in Figure 3· In order to determine which contributes most to limiting the spatial Video peak voltages vs. target width.
Target width (mm) ~ resolution of the system, the horizontal scan rate was slowed by replacing the internal horizontal oscillator signal with a similar signal from an audio generator.
Varying the frequency of the generator changed the speed of the prism drive motor in the camera and, thereby, the horizontal scanning speed. Figure 5 shows the comparison of two waveforms generated by a single target, one at the normal sweep speed (1.oo lines per frame) and one at half that speed (50 lines per frame). The peak voltage is the same for both cases, but the rise and fall times and the flat portion of the peak are doubled for the slower sweep speed. This is to be expected if it is assumed that the lag in the detector is insignificant and that the spatial resolution is limited by the optics alone. Thus, as the target is scanned more slowly, the total flux incident on the detector rises at a slower rate, as does the detector output. It becomes apparent, then, that slowing the sweep speed will not significantly improve spatial resolution. With no simple prospect of improving spatial resolution of the system, it was decided to evaluate the standard Thermovision Model 669 for use in the coal temperature measurement system. The best way to graphically depict the spatial resolution of the system is shown in Figure 6 . This plot of detector output vs. target width shows a constant level for widths down to 2 mm, but a decreasing one below 2 mm. The curves for other temperatures in our range of interest drop off similarly between 2 mm and 1 mm. For the purpose of this method then, 2 mm is the minimum target which will produce the same detector output as a larger target, and is, therefore, the smallest target of which the temperature can accurately be measured with the AGA Thermovision.
PEAK DETECTION SYSTEM
'Since only the hottest point in the field of view of the camera is of interest in a given period of time, a method of recording and measuring the peak video signal during the period was developed. The resulting system is represented in block diagram form in Figure 7· The temperature of interest is the highest peak during the 2 -second puff taken on a cigarette by a mechanical smoking machine. After the puf( the peak value is printed digitally for later analysis. The control logic section of the system synchronizes the peak detector and printer with the smoking machine. The peak detector is a Burr-Brown hybrid module, model 4084/25. It operates in three modes, depending on the input from the control logic. Between puffs it is in the 11 zero" mode and no video input is accepted. In this mode, the output voltage is always zero. During the 2-second puff, it is switched to the 11 detect" mode and its output to the buffer amplifier is then equal to the highest peak of the incoming video signal (within the speed limits of the peak detector). At the end of the puff, the detector is switched to the "hold" mode, in System output vs. target width. Target width (mm)~ which no further input is accepted and the output remains constant. The buffer amplifier converts the output of the peak detector to a voltage level compatible with the analogto-digital (A/D) converter. The converter gives a digital readout of the peak level. Once this conversion is complete (in less than 1. second), the control logic causes the printer to print the value of the peak. The detector is then returned to the "zero" mode in preparation for the next puff. It should be noted that the digital value printed for the peak is directly proportional to the peak voltage of the video signal, not to the temperature. Due to the non-linearity of the detector, a calibration curve relating output reading (o--rooo) to target temperature (300°-1.200° C) is used to obtain temperature values. It must be determined whether the speed of the peak detector itself is a limiting factor in the overall system response. It is capable of acquiring a full scale step input to within .o-r 0 /o in less than 200 ~t second. For this system, acquisition to within 1. 0 /o should be sufficient and will take much less time, but this time is not specified for the unit. To avoid spending time evaluating the peak detector itself, the entire system was evaluated to determine degradation in spatial resolution due to that part of the system external to the Thermovision. The entire system was calibrated for various temperatures at various target widths. These results appear in Figure 8 . The curves show a relatively constant output reading for targets down to 3 mm in width. For this size target, the output is about 2 °/o lower than for wider targets. Below this width, the output drops more rapidly. For 2 mm targets, the output is about -ro 0 /o lower than for 4 or 5 mm targets, and for 1. mm, about 50 °/o too low. This indicates some degradation in spatial resolution for the system as a whole. Readings for targets of 3 mm or more in width are now acceptable, as compared to 2 mm for the Thermovision alone. It should be noted that, while the peak detecting system was the best available at the time, there are now much faster units obtainable. Where needed, these units could be used with the Thermovision and would not degrade its spatial resolution. Targets of 2 mm could then be measured accurately. 
. . ------------------------

CIGARETTE COALS AS TARGETS
Once it had been determined that objects as small as 3 mm could accurately be measured, it had to be decided whether this spatial resolution is sufficient to determine the peak temperature of a cigarette coal. The AGA Thermovision was focused on a burning cigarette and the resulting video waveform observed on an oscilloscope. By comparing its width to the width of the waveform for a target of known width an estimate of the width of the cigarette coal can be obtained. Figure 9 shows typical video waveforms for three different coal conditions. Each oscilloscope photograph shows multiple traces because the coal is scanned several times horizontally during the frame. The lower traces in each picture are due to scans that cover only the upper or lower edges of the coal. The waveform of Figure 9 A, taken from a static coal just after lighting, has an overall width of 35 11 seconds. This corresponds to a 3 mm target slot, which also has a 35 ~t second waveform. While a 3 mm target lies at the limit of the spatial resolution of the system, no data are taken on the coal as it is liti and on subsequent puffs, the coal is more fully developed and, therefore, larger.
Figures 9 B and 9 C show waveforms for a coal halfway down the cigarette rod, in a static burning and a puffing condition, respectively. In both cases, the waveforms are approximately 1.00 ~t seconds wide. By extrapolating the data already presented for target width versus waveform width (Figure 2 ), a width between 1.0 and 1.1. mm for these coals is obtained. This target size is well above the 3 mm limit for the system. Therefore, if it is assumed that the cigarette coal has no significant hot spots too small to be detected by the AGA Thermovision, it is accepted that the values obtained by this technique represent the peak coal temperatures of a cigarette during puffing.
SUMMARY
Thermocouples were used in the past, with a few exceptions, for cigarette coal temperature measurements. The main shortcomings of this technique are : the cigarette is disturbed by insertion of the thermocouple, the position of the bead does not necessarily coincide with the location of the puff, heat transfer between tobacco shred and bead is poor, heat capacity and conductivity are orders of magnitude different for tobacco and metals. Methods employing x-ray observations of fusions of metal inclusions or cinematographic optical pyrometry also possess serious shortcomings. These shortcomings are eliminated by a non-contact technique based on radiometry. This method is applicable only to the measurement of surface temperature of the cigarette coal. By measuring the intensity of the emitted radiation, the temperature can be calculated or can be obtained by calibration with an artificial blackbody. Since the coal temperature is not stable even during the 2-second duration of a puff, the instantaneous response of an infrared detector has to be coupled with a very fas t recording system. An AGA Scanning Infrared Camera was selected for the coal temperature measurements. The electronic system of the camera generates a waveform proportional to the 2-5 ·4 11 band of the infrared radiation emitted by the coal. The peak value of the video signat representing the hottest point of the coat is stored. At a command, given automatically by the smoking machine, the signal is digitized and printed out. Although the peak signal decreases with very 274 small targets, evaluation of the system indicates acceptable accuracy for target sizes down to 3 mm in width. 
